We define a set of pseudo-observables characterizing the properties of Higgs decays in generic extensions of the Standard Model with no new particles below the Higgs mass. The pseudo-observables can be determined from experimental data, providing a systematic generalization of the "κ-framework" so far adopted by the LHC experiments. The pseudo-observables are defined from on-shell decay amplitudes, allow for a systematic inclusion of higherorder QED and QCD corrections and can be computed in any Effective Field Theory (EFT) approach to Higgs physics. We analyze the reduction of the number of independent pseudo-observables following from the hypotheses of lepton-universality, CP invariance, custodial symmetry, and linearly realized electroweak symmetry breaking. We outline the importance of kinematical studies of h → 4 decays for the extraction of such parameters and present their predictions in the linear EFT framework.
Introduction
After the discovery phase [1] , Higgs physics is entering the era of precision measurements. Characterizing the properties of this particle with high precision, and possibly with the least theoretical bias, is of the utmost importance in order to investigate the nature of physics beyond the Standard Model (SM).
Several phenomenological analyses about the effective couplings of the Higgs boson to SM fields have appeared after its discovery in 2012 (see e.g. Ref. [2] ). These analyses were mainly based on the so-called "κ-framework" [3] or "signal-strength" results reported by ATLAS and CMS [4, 5] : the experimental determination of a single parameter, for each production or decay channel, characterizing the ratio between the observed rates and those expected within the SM. While this approach has been quite useful for a first characterization of the properties of the newly discovered particle, and it was appropriate given the low statistics so far available, it is insufficient in view of more precise studies, especially for channels with non-trivial kinematical distributions. The purpose of the present paper is to provide a systematic generalization of the "κ-framework" suitable for high-precision studies of on-shell Higgs decays.
Motivated by present Higgs data, we work under the hypothesis that h(125) is a spin zero particle. We also assume that there is no new particle with mass below (or around) m h 125 GeV able to provide significant kinematical distortions of the Higgs decays to SM particles. In other words, we assume to be in a regime where the Effective Field Theory (EFT) approach to Higgs physics is applicable. However, contrary to existing EFT studies, we keep our analysis as general as possible, without specifying many details about the underlying EFT. In particular, we do not specify if the h(125) state is part of an SU(2) L doublet (so-called linear EFT approach), or if h(125) is the mass eigenstate resulting from a more complicated symmetry breaking sector, allowing an effective decoupling of h from the Goldstone-boson components of the SU(2) L × U(1) Y /U(1) em symmetry breaking (socalled non-linear EFT approach). We also do not impose global symmetry hypotheses such as lepton-universality, CP invariance and custodial symmetry. Rather, we discuss how such hypotheses can be tested from Higgs data. The only key assumption we make is to neglect terms in the decay amplitudes that receive non-vanishing tree-level contributions from local operators with dimension greater than six (D > 6), as specified in detail in the following.
Under such general assumptions it is possible to define a limited set of pseudoobservables that can be directly determined from experimental data on Higgs physics and that encode all possible New Physics (NP) effects. These pseudo-observables are the natural generalization of the "κ-framework" so far adopted by the LHC experiments [3] , and an extension of the pseudo-observables employed to characterize NP effects in Z physics at LEP [6, 7] . The pseudo-observables are indeed defined at the amplitude level, allowing for a systematic inclusion of higher-order QED and QCD corrections: this leads to an accurate theoretical description of Higgs decay amplitudes that recovers the best up-to-date SM predictions in absence of NP effects. The pseudo-observables thus determined from Higgs-physics data can be computed in specific EFT approaches and, depending on the EFT employed, can possibly be correlated with non-Higgs physics observables for specific tests of the EFT approach.
The paper is organized as follows: in Section 2 we present a general discussion about Higgs decay amplitudes and pseudo-observables. In Section 3 we define the pseudoobservables characterizing Higgs decays mediated by electroweak gauge bosons. In Sections 4 and 5 we discuss the SM limit, the parameter counting, and the reduction of the number of independent pseudo-observables following from the hypotheses of leptonuniversality, CP invariance and custodial symmetry. In Section 6 we present a phenomenological analysis of the h → 2e2µ channel, focusing on the impact and the possible determination of the h → Z¯ contact terms. The results are summarized in the Conclusions. The Appendix A contains the mapping between the pseudo-observables introduced in Section 3 and the Wilson coefficients of D = 6 operators in the linear EFT approach. The Appendix B contains an extended discussion about the constraints following from custodial symmetry.
General considerations
Given the narrow width of the Higgs particle, the generic description of NP effects in processes involving one on-shell Higgs can be factorized into two parts: the production and the decay. In this work we concentrate on pseudo-observables characterizing the Higgs decay amplitudes, and we limit the attention to processes with at most four particles in the final states (besides soft QED and QCD radiation). To this purpose, we can distinguish two main categories:
I. helicity-violating decays into a pair of on-shell fermions (bb, τ + τ − , . . . ).
II. helicity-conserving decays to four fermions, two fermions and a (hard) photon, and two photons (4 , 2 2ν, + − γ, γγ, . . . ).
The definition of pseudo-observables for the first category is quite obvious, and will be presented at the end of this Section. The rest of the paper is devoted to the second category of decay amplitudes, whose theoretical description in generic EFT extensions of the SM is more involved. An early attempt to provide a general EFT-inspired description of h → 4 decay amplitudes has been presented in Refs. [8, 9] . Our work provides a generalization of the parametrization proposed there, taking into account also the sub-leading effects of Zγ and γγ intermediate states. We will also pay particular attention to a consistent separation of the pseudo-observables accessible in Higgs decays from those accessible via on-shell Z or W decays, defined in Sect. 2.1. From this point of view, our approach shares some similarities with the one recently proposed in Ref. [10] (see also Ref. [11] ). However, we stress two conceptual differences with respect to Ref. [10] : 1) our pseudo-observables are defined directly from the on-shell decay amplitudes and, as such, are unambiguously related to observable distributions; 2) we make no assumptions about custodial symmetry and SU(2) L properties of the h particle. As anticipated, the only key hypothesis we employ is to neglect contributions to Higgs decay amplitudes corresponding to local interaction terms of D > 6 after electroweak symmetry breaking. More precisely, we employ the following simple power counting for each interaction term, based on its canonical dimension: h, gauge bosons, and derivatives (momenta) count as 1, while fermions count as 3/2. With this counting we systematically neglect interaction terms with dimension D > 6. This implies that our decomposition is able to accommodate all the effects generated, at the tree-level, by the D = 6 effective Lagrangian in the linear EFT framework (or the next-to-leading order terms in the expansion). Similarly, in the generic non-linear EFT framework, our decomposition is able to accommodate all the next-to-leading order terms in the expansion (disregarding single-Higgs interactions with D ≥ 7). Even if the predicted size of each pseudo-observable varies depending on the specific EFT and its UV completion, the fact that interaction terms corresponding to higher-dimensional operators can be neglected is general (assuming no light NP). Note also that while the decomposition is able to describe the effects generated at a given order in the EFT expansion, the pseudo-observables are defined by the kinematical decomposition of the on-shell decay amplitudes and, as such, they are well-defined independently of the EFT expansion.
Before proceeding, it is worth stressing that, in principle, there are two more categories of Higgs decay amplitudes affected by D ≤ 6 operators in a generic EFT approach:
III. helicity-violating amplitudes resulting from effective dipole interactions of the Higgs field to (light) fermions and electroweak gauge bosons.
IV. four-quark final states resulting from the effective coupling of the Higgs to gluons.
Even though there are no difficulties in including these in our formalism, we opt for not doing so to keep our presentation more concise. The first category is expected to be suppressed by light fermion masses in most realistic models and, independently of that, it does not interfere with the leading SM amplitudes in the limit of vanishing fermion masses. More precisely, we can neglect such amplitudes in the limit where we assume an exact U(1) f symmetry acting on each of the light fermion species.
1 Note that such symmetry is a small sub-set of the full U(3) 5 flavor symmetry often advocated in the EFT context: imposing such reduced symmetry group we can allow violations of lepton universality in the h → 4 amplitudes ( = e, µ), while consistently neglecting the helicity-violating dipole amplitudes and lepton flavor violating interactions.
The second category is hardly accessible from the experimental point of view: the hgg effective coupling is essential to determine the Higgs production cross section, but it cannot be identified via a well-measured Higgs partial decay width.
Pseudo-observables in Z → ff and W → ff decays
The SM charged and neutral current interactions are
where
s w = sin θ W , c w = cos θ W , e = (4πα em ) 1/2 and V ud denote the elements of the CabibboKobayashi-Maskawa (CKM) mixing matrix.
The effective interactions of the Z and W bosons to fermions are modified beyond the SM. This effect can be taken into account by introducing appropriate effective couplings to describe the on-shell couplings of Z and W to fermions. In particular, we define the effective couplings g f Z , g W and g ud W as follows
These effective couplings can be unambiguously determined from data using Z-pole observables (Z-boson partial decay widths, forward-backward or polarization asymmetries, together with the information on m Z from the Z line shape), and on-shell W decays. 3 As such, they are well-defined (basis-independent) pseudo-observables. In absence of rescattering effects, the Hermiticity of the underlying effective Lagrangian implies that the g f Z are real couplings, while g W and g ud W can be complex. These pseudo-observables can be computed in any EFT. Within the SM, at the treelevel, one finds
Pseudo-observables in h → ff decays
In analogy to the effective couplings of Z and W bosons to fermions, for each fermion species we can introduce two real effective couplings (y f S,P ) defined by
The "dressing" of this amplitude with soft QED and QCD radiation is straightforward. 
, and G F is the Fermi constant extracted from the muon decay. The effective couplings y f S,P provide an explicit breaking of the U(1) f L × U(1) f R flavor symmetry, which is not assumed to hold in the case of third generation fermions.
Higgs decays mediated by electroweak gauge bosons
In this section we provide a unified decomposition of the Higgs decay amplitudes into four fermions (h → 4f ), a fermion-anti fermion pair and one hard photon (h → ff γ), and two photons (h → γγ). The h → 4f amplitudes are particularly interesting since they allow us to investigate the effective hW + W − and hZZ interaction terms, which cannot be probed on-shell. However, in order to extract such information in a model-independent way, it is necessary to take into account also the possible additional contributions to h → 4f due to contact terms and the effective couplings of the Higgs to photons.
The purpose of our approach is to characterise, as precisely as possible, the three point function of the Higgs boson and two fermion currents,
where all the states are on-shell. This correlation-function is probed by the experiments in h → 4f decays, but also in Higgs associated production (pp → h + W, Z) and in Higgs production via vector-boson fusion. Extracting the kinematical structure of Eq. (7) from data will allow us both to determine the effective coupling of h to all the SM gauge bosons, and also to investigate possible couplings of h to new massive states. The former are associated to a well-defined double-pole structure in Eq. (7), while the latter can lead to local interactions with one or no poles.
Within a generic EFT approach, the problem is simplified by the fact that a local interaction hJ µ f J ν f g µν has canonical dimension D = 7. As a result, as long as we neglect operators of D > 6, the correlation function in Eq. (7) is non-local at the electroweak scale, with at least one fermion pair generated by the propagation of one electroweak gauge boson. This allows us to decompose the h → 4f amplitude into a sum of neutral-and charged-current contributions, according to the charge of fermion current in Eq. (7), and to expand around the physical poles produced by the propagation of the SM gauge bosons (W, Z and γ). These two types of contributions are discussed separately in Sect. 3.1 and Sect. 3.2. The complete structure of a generic h → 4f amplitude is presented in Sect. 3.3.
h → 4f neutral currents
Let us consider the case of two different (light) fermion species: h → ff + f f . As anticipated, we work in the limit of an exact U(1) f ×U(1) f flavor symmetry. In this limit, we can decompose the neutral-current contribution to the amplitude in the following way
From the assumption of no new light states in the EFT, and once again neglecting contributions from D > 6 operators, we can decompose the form factors in full generality in the following way
where g f Z are the effective couplings defined in Eq. (3) and
also κ ZZ and the X are well-defined pseudo-observables that can be extracted from data and computed in any EFT. 4 All the parameters but Zf are flavor universal, i.e. they do not depend on the fermion species. In the limit where we neglect rescattering effects, both κ ZZ and X are real. The functions ∆ 2 ) encode non-local SM contributions generated beyond the tree level, which cannot be described in terms of D ≤ 6 effective operators (see Sec. 4) .
Note that the fact that the g f Z are defined from on-shell Z amplitudes is essential for κ X and X to be well-defined physical quantities (independent of the choice of the EFT basis). Indeed, the decomposition in Eqs. (8) (9) (10) (11) contains a set of Z-pole pseudoobservables {g f Z , m Z , Γ Z }, plus the low-energy input observables {G F , α em }, plus the set of Higgs-pole pseudo-observables {κ ZZ , X }.
h → 4f charged currents
Let's consider the h → ν ¯ ν process.
5 Employing the same assumptions used in the neutral current case, we can decompose the amplitude in the following way
The EFT-inspired decomposition of the form factors is
where g f W are the effective couplings defined in Eq. (3), and P W (q 2 ) is the W propagator defined analogously to P Z (q 2 ). In absence of rescattering effects, the Hermiticity of the underlying effective Lagrangian implies that κ W W , W W and CP W W are real couplings, while W can be complex.
h → 4f complete decomposition
The complete decomposition of a generic h → 4f amplitude is obtained combining neutraland charged-current contributions depending on the nature of the fermions involved. For 5 The analysis of a process involving quarks is equivalent, with the only difference that the W f coefficients are in this case non-diagonal matrices in flavor space, as the g W ud effective couplings.
instance h → 2e2µ and h → ¯decays are determined by a single neutral current amplitude, while the case of two identical lepton pairs is obtained from Eq. (8) taking into account the proper symmetrization of the amplitude:
The h → e ± µ ∓ νν decays receive contributions from a single charged-current amplitude, while in the h → ¯ νν case we have to sum charged and neutral-current contributions:
3.4 h → γγ and h → ff γ
The general form factor decomposition for these two channels is
where p = p 1 + p 2 . After employing the EFT decomposition of the form factors, we do not need to introduce additional parameters compared to the h → 4f case:
SM values
Within the SM, at the tree level,
One-loop electroweak corrections can be divided into two main categories: virtual QED corrections generated below the electroweak scale (after integrating out W , Z and topquark fields) and genuine virtual electroweak corrections at the electroweak scale. The virtual QED corrections are sizable in various kinematical regions of h → 4f and h → ff γ decays and must be combined with the real radiation in order to obtain infrared safe observables. Their impact can be computed in a model-independent way for generic values of κ X and X (see Sect. 6.2). The genuine electroweak corrections generate: i) small corrections to the tree-level values of κ X and X in Eq. (22); ii) small non-local contributions to the form factors; iii) further tiny corrections that cannot be cast into the general decomposition in Eq. (8) and (12) . These effects can be derived, in principle, by comparing our general decomposition with the expression of the full SM next-to-leading order h → 4f amplitude [13] . As noted in Ref. [14] , such corrections are very small (below the 1% level compared to the treelevel terms) and practically unobservable, except in a few notable kinematical points. In particular, the only case where such corrections are relevant is for on-shell hard-photon amplitudes (given that they vanish at the tree-level within the SM) or almost on-shell photon-exchange contributions in neutral-current amplitudes.
These effects are taken into account by the SM one-loop hγγ and hZγ effective couplings [15] (see also Ref. [16] ), that in our formalism read
and by the non-local terms ∆ SM 3
and ∆ SM 3f γ . The latter can be decomposed as follows
where the expressions of ∆
SM−1L
Zγ,γγ in the relevant kinematical region (i.e. with at least one photon propagator close to be on-shell), are
6 We introduce here the couplings c Zγ −4.85 and c γγ −6.49 [17] , defined from the effective Lagrangian
7 These approximated numerical expressions are precise at the 1% level for q ). This implies that such terms can effectively be seen as contact interactions with a photon (of the type hγff ). However, contrary to the contact terms appearing in F f f 1 , these contact terms receive contributions from EFT operators of D ≥ 7 and therefore can be fixed to their SM values.
To make contact with the κ-framework adopted by ATLAS and CMS [4, 5] , we can trade the γγ,γZ parameters for κ γγ,Zγ , defined by
such that κ SM γγ,Zγ = 1.
Parameter counting and symmetry limits
We are now ready to identify the number of independent pseudo-observables necessary to describe various sets of Higgs decay amplitudes, under the main assumption that only terms arising at D ≤ 6 in a generic EFT expansion are kept. We focus our attention on leptonic channels, which are more interesting from the experimental point of view. The neutral current processes h → e + e − µ + µ − , h → e + e − e + e − and h → µ + µ − µ + µ − , together with the photon channels h → γγ and h → + − γ, can be described in terms of 11 real parameters:
(of which only the subset {κ γγ , κ Zγ , CP γγ , CP Zγ , } is necessary to describe h → γγ and h → + − γ). The charged-current process h →ν e eμν µ needs 7 further independent real parameters to be completely specified:
Finally, the mixed processes h → e + e − νν and h → µ + µ − νν can be described by a subset of the coefficients already introduced plus 2 further real contact interactions coefficients:
This brings the total number of (real) parameters to 20. In the following subsections we introduce symmetry arguments which allow to reduce the number of free parameters while remaining, at the same time, as model-independent as possible.
Flavor universality
A first simple restriction in the number of parameters is obtained by assuming flavor universality (i.e. enlarging the flavor symmetry to the full U(3) 5 flavor group). In our setup this simply means assuming that the contact interactions coefficients are independent of the generations:
Since the last coefficients are complex in general, these are five relations which allow to reduce the number of parameters to 15 . This assumption can be tested directly from data by comparing the extraction of the contact terms from h → 2e2µ, h → 4e and h → 4µ modes (see e.g. Sect. 6.3 and Fig. 3 ).
CP conservation
The assumption that CP is a good approximate symmetry of the BSM sector and that the Higgs is a CP-even state, allows us to set to zero six independent (real) coefficients:
Assuming, at the same time, flavor universality, the number of free real parameters reduces to 10.
Custodial symmetry
We now present the relations among the pseudo-observables introduced in Sect. 3 following from the assumption that the BSM sector is invariant under the custodial sym-
This symmetry is explicitly broken by the fact that only the subgroup
Y is gauged and by the fact that SM fermions are not in complete G representations. 8 In the following we assume that these are the only two sources of breaking of custodial symmetry. In order to determine the structure of the contact interactions, we need to specify the embedding of the SM fermions into representations of G. Focussing on leptons, we consider two minimal cases:
The U(1) X factor is needed only to assign the correct hypercharge Y = T 3 R + X to the SM fermions. 9 Here and in the following we label by the index i = 1...3 the three lepton generations and we denote by
h decay modes
Re( W e L ) Table 1 : Summary of the pseudo-observables relevant to describe Higgs leptonic (and γγ) decay modes. In the second column ("Maximal Symmetry") we show the independent pseudo-observables needed for a given set of decay modes, assuming both CP invariance and flavor universality. The additional variables needed if we relax these symmetry hypotheses are reported in the third and fourth columns. In the bottom row we show the independent pseudo-observables needed for a combined description of charged and neutral modes, under the hypothesis of custodial symmetry.
Under these assumptions, we derive the following custodial-symmetry relations among the pseudo-observables relevant to Higgs decays to four leptons
The first two relations have been derived first in Ref. [21] ; the complete derivation of all the relations can be found in Appendix B. The first four are independent of the choice of the fermion embedding, while the last one is specific only for the embedding B. We stress that κ W W = κ ZZ is consistent with custodial symmetry, given Eq. (35) . The latter must be satisfied for any i and implies 3 independent relations in the case of flavor non universality. Assuming both flavor universality and CP invariance, the embeddingindependent custodial symmetry relations lead to 3 independent constraints and allows us to decrease to 7 the number of free real parameters relevant to leptonic channels. The latter can be conveniently chosen as
, as indicated in Table 1 .
Linear vs. non-linear EFT
In the SM the Higgs boson is part of an SU(2) L doublet H and the electroweak gauge symmetry is linearly realized. The linear effective theory is built following this assumption: higher-dimensional operators are constructed in terms of the H field [18] [19] [20] . This implies that the physical Higgs (h) appears in operators contributing also to non-Higgs processes, and in particular to electroweak observables measured at LEP. In this context it is thus possible to provide strong bounds on some Higgs observables using LEP data [10, [21] [22] [23] .
A complete model-independent analysis of these (non-Higgs) constraints for the Higgs pseudo-observables is still missing, but we postpone it to a future work. Assuming a linearly realized electroweak gauge symmetry provides also some relations among the Higgs pseudo-observables. These are due to an accidental custodial symmetry present in some of the D = 6 operators. In particular, by matching our pseudo-observables with the coefficients of the D = 6 operators, it turns out that the relations of Eqs. (33), (34) and (36) are always exactly satisfied [21] . This result implies that, independently of any symmetry assumption, the dynamical hypothesis of an underlying linear EFT reduces the number of relevant leptonic pseudo-observables from 20 to 14 (from 15 to 11 if flavor universality is further assumed). In Appendix A we derive these relations by an explicit matching with the operator basis of Ref. [22] . Since the relations derived involve only pseudo-observables, the result is independent of the operator basis adopted. The other two custodial symmetry relations, Eqs. (35) A more general approach to Higgs physics is to build an EFT allowing an effective decoupling of h from the Goldstone-boson components of the SU(2) L × U(1) Y /U(1) em symmetry breaking. In this case the electroweak symmetry is non-linearly realized and the effective theory is built as a derivative expansion over the cutoff [24] [25] [26] [27] . Given that the Higgs and the symmetry-breaking vev are independent, in this EFT it is not possible to connect electroweak observables (Higgs-less processes) with Higgs observables. Moreover, since the Goldstone bosons are encoded in a dimensionless field, it is possible to write many more independent D ≤ 6 operators than in the linear case. It is easy to verify that in this context each pseudo-observabable of our parameterisation receives a nonvanishing tree-level contribution from an independent combination of effective operators. In particular, it is possible to build custodially-violating operators [26, 27] that violate all the relations in Eqs. (33)-(37).
Even though electroweak precision tests and early Higgs data set strong constraints on the non-linear construction, favoring the linearly realized EFT, it is still early to draw a definite conclusion about this point. As shown in Ref. [9] , h → 4 decays prove a very useful tool for settling this issue from data: if a violation of the electroweak bounds on the contact terms is measured, this will be a strong hint towards the non-linear realization. Given the above discussion, a similar conclusion could be derived in presence of a violation In this section we illustrate the importance of studying differential decay distributions for extracting the pseudo-observables defined in Section 2. We concentrate on the Higgs boson decay to pairs of muons and electrons, which is particularly clean and possesses non-trivial kinematics. As a first step, we calculate the modification of the total decay rate to e + e − µ + µ − keeping only terms linear in X and δκ ZZ ≡ κ ZZ − 1. We find
(38) Obviously, the measurement of the total rate is not enough to extract the pseudo-observables and one should exploit the full kinematics of the process.
Analytic invariant mass distributions
In the following we derive fully analytic expressions for the double differential decay distribution in each lepton pair's invariant mass. Starting with Eq. (8), we calculate the matrix element squared and summed over the final lepton spins,
where Π 4l is the final state four body phase space factor. The CP-conserving part of the double differential distribution can then be decomposed as dΓ dq 
and
Using the explicit expressions of F . Under the hypothesis of an underlying EFT, only the interference terms of NP with the SM amplitude are expected to be relevant in a large fraction of the phase pace. If this were not the case, the approximation of neglecting terms in the amplitudes corresponding to higher-dimensional operators would not be justified. However, we stress that our parameterisation is equivalent to a kinematical expansion of the amplitude around the physical poles of the SM gauge bosons. Sufficiently close to such poles it is possible to disregard the non-pole enhanced terms simply by kinematical arguments and organise a different power-counting for the momentum expansion of the rate. For instance, requiring the µ + µ − pair to be close the Z peak allows us to consistently keep quadratic terms in δκ ZZ , ZZ , Ze L,R , and Zγ , while neglecting all other quadratic terms as well as the effect of D > 6 interaction terms. This fact could allow, in the future, to perform consistency checks about the validity of the EFT expansion.
The tensor structure associated with F 4 of Eq. (11) does not interfere with the SM in the double differential distribution in q 2 1 and q 2 2 . In the rest of the paper we focus on the effects due to δκ ZZ and the contact terms Zf , leaving a more detailed phenomenological study of the other coefficients, which should involve also the analysis of angular distributions, to a future work.
Further kinematical studies on the h → 4 modes can be found in Ref. [28, 29] . CMS performed a comprehensive study of h → 4 decays with present data, in the context of hV V anomalous couplings [29] . The main differences of the latter approach with respect to our proposal is the fact that we consider as final states the on-shell leptons, and we do not assume the effective interaction of these leptons to the Higgs and other SM fields to be necessarily mediated by the SM gauge bosons. This leads to a more general decomposition of the h → 4 amplitude.
Higher-order SM corrections
We have validated the analytic formula for the tree level SM prediction with the Prophecy4F Monte Carlo generator [13] . In Fig. 1 , we present the normalized differential distribution in m 12 ≡ q 8 weighted events using the dipole subtraction formalism for photon radiation and switching on the photon recombination which insures sufficient inclusiveness [13] . More specifically, photons and leptons are recombined if their invariant mass is less then 5 GeV. We impose no cuts on the decay products.
As shown in Fig. 1 , the next-to-leading order electroweak corrections lead to a significant (up to 10%) deviation from the tree-level result in the region below the Z peak. This effect can well be understood in terms of photon emission from the charged leptons legs: radiative events where m + − γ ≈ m Z (close-to-on-shell Z-boson events) are enhanced by the Z pole but are reconstructed in the m + − distribution as off-peak events (m + − < m Z ) providing a sizable distortion to the region below the Z peak. This effect can be corrected in general terms (for general values of the pseudo-observables) con-voluting the non-radiative distribution with the O(α) radiation function describing the probability of emitting a photon (similarly to the initial-state radiation in e + e − → µ + µ − close to the Z peak, see e.g. Ref. [30] ). We have explicitly checked that the inclusion of these corrections leads to a qualitatively good agreement of our results (in the SM limit) with the full O(α) electroweak corrections obtained with Prophecy4F. The detailed implementation of these corrections, which depends on the specific infrared cuts implemented in Prophecy4F, is beyond the scope of the present paper and will be discussed elsewhere.
Measuring contact terms
In order to probe the contact terms Zf and Zf it is mandatory to exploit the differential decay distributions in q 2 1 and q 2 2 . As an illustration, let us consider first the case of sizable deviations in one of the Zf R and in κ ZZ , while keeping other couplings SM-like. The ratio of the total Higgs decay rate to e + e − µ + µ − with respect to the SM prediction as a function of the couplings is shown in Fig. 2 (a) . As can be seen, a measurement of the total rate alone is not capable of resolving the contribution from the contact terms. On the contrary, in Fig. 2 (b) we show the deviations from the SM in the normalized single differential distributions in m 12 ≡ q 2 1 and m 34 ≡ q 2 2 in solid-blue line and dashed-red line, respectively. These are obtained after fully integrating Eq. (42) over the corresponding invariant mass. As a benchmark, we set (κ ZZ , Zf R ) = (0.88, −0.10), for which the total decay rate remains as in the SM. A good discriminating variable would be the difference between the two distributions. This measurement would mainly probe Zf R and provide a complementary information to the one sketched in Fig. 2 (a) . Finally, the ratio of the double differential distribution with the SM prediction is shown in Fig. 2  (c) .
Qualitatively, the same discussion holds if both Zf L and Zf R are present, except for a trivial rescaling in the magnitude of the effects. For instance, if Zf R = Zf L the difference in the differential distributions is rescaled by the factor g
Somewhat different signatures are obtained if both Zf R and Zf R are sizable. As an example, in Fig. 3 we consider the case Zf R = Zf R which corresponds to the relation imposed by flavor universality (See Section 5). Similarly to case analyzed in Fig. 2 , the deviations from the SM predictions are reported. As can be seen, the overall size of the effect is much smaller. As expected, in this case the single differential distributions in m 12 and m 34 are the same, and the double differential distribution is symmetric under m 12 ↔ m 34 .
Conclusions
The experimental precision on the Higgs decay distributions, especially those into four light leptons, is expected to significantly improve in the next few years. This will allow us to investigate in depth a wide class of possible extensions of the SM. However, to reach this goal, an accurate and sufficiently general parameterization of possible NP effects in such distributions is needed. In this paper we have identified the complete set of pseudo-observables appearing in onshell Higgs-decay distributions in the limit of heavy NP. More precisely, we only assumed that contributions to the decay amplitudes generated by effective operators of D > 6 in a generic EFT approach can be neglected. The pseudo-observables we have introduced are defined by the momentum expansion of the on-shell Higgs decay amplitudes. As such, they are well-defined physical parameters that can be directly extracted from data, providing a natural generalization of the so-called "κ-framework". They indeed consist of four universal "κ-like" pseudo-observables (κ ZZ , κ Zγ , κ γγ , κ W W ), whose expectation is 1 within the SM, and a series of X parameters, whose SM expectation is zero for all practical purposes (i.e. it is well below the experimental sensitivity even in the HL-LHC era). The "κ-like" observables differ from the signal strength measurements currently reported by ATLAS and CMS, being associated to a well-defined (SM-like) kinematical distribution: they describe the (channel-independent) effective couplings of the Higgs boson to the SM gauge fields. The X terms encode possible non-SM effects in the kinematical distributions as well as violations of the accidental SM symmetries. The complete list of the pseudoobservables for the Higgs decays to four leptons is reported in Table 1 : it ranges from a maximum of 20 independent terms, if no additional symmetry assumption is made, to a minimum of 7 terms under the hypotheses of CP-invariance, lepton-flavor universality and custodial symmetry.
As outlined in Section 3, this formalism is well suited to describe all h → 4f decay modes: the only difference between leptonic, hadronic, and semi-leptonic modes (such as h → 2 2q), is the list of V f parameters (V = W, Z) contributing to the given set of decay channels. In principle, the same formalism (and the same set of pseudo-observables) can also describe in general terms NP effects (with non-trivial kinematical distortions) in the Higgs production cross-sections controlled by the correlation-function in Eq. (7), namely σ(pp → hV ) and the vector-boson fusion process. However, in this case more dynamical assumptions are needed due to the possible break-down of the momentum expansion at large energies (see e.g. Ref. [31] ). This problem is absent in the Higgs decay amplitudes discussed in this work, where the energy scale is set by m h .
Comparing to existing experimental and phenomenological analyses of h → 4 decays, the main difference due to the use of the complete set of pseudo-observables is related to the V f terms , which encode the contributions generated by hV ff effective contact interactions [8] . As pointed out in Ref. [9] , such terms are particularly interesting in order to discriminate from data the hypotheses of linear vs. non-linear EFT expansion. This is so because the linear approach predicts relations between electroweak observables and hV ff contact terms, leading to strong (and potentially falsifiable) bounds on the latter. As we have shown by means of the explicit calculation of the Higgs pseudoobservables in terms of EFT Wilson coefficients, the linear EFT approach also predicts definite relations among Higgs pseudo-observables, so that not all of them are independent. An experimental check of these relations, which involves only Higgs-physics data, would therefore offer an independent tool to possibly discriminate between the linear and the non-linear EFT expansions.
A further interesting aspect of the contact terms (or the V f pseudo-observables) is their potential flavor non-universal nature. Their experimental determination is therefore an interesting way to test, from data, the assumption of flavor-universality in the Higgs sector (that is often assumed to hold, up to small breaking terms related to fermion masses). As we have illustrated with a few examples in the h → e + e − µ + µ − case, the extraction of such terms from data require non-trivial kinematical studies, but significant bounds could be obtained in the future with high-statistics data.
Summarizing, the framework of Higgs pseudo-observables provided in this work can capture all the physics accessible in Higgs decays if no new light state is coupled to the h(125) boson; it can be systematically improved with higher-order QCD and QED corrections, recovering the best up-to-date SM predictions in absence of new physics; it can be generalized in a simple way in order to describe any on-shell Higgs decay; it can be efficiently used to test the symmetries of the new-physics sector without specifying the details of the underlying Lagrangian. We advocate the use of such formalism in the era of precise Higgs-boson physics, in order to shed light in a systematic and unbiased way on the structure and symmetries of possible extensions of the SM.
A Matching to the linear EFT
In this Appendix we present the expressions of the pseudo-observables defined in Section 3 in terms of the Wilson coefficients of the so-called linear EFT, employing the basis of Ref. [22] . Although most of the details about the EFT can be found in that work, it is worth clarifying a few points 
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• Both these flavor symmetries imply that the 8 dipole operators and O ud R should be suppressed by the Yukawa couplings, and therefore can be safely neglected.
• Following Ref. [22] we define the Wilson coefficients of the 18 operators relevant for us as follows
q,
3 LL , and κ b = κ HB,HW,BB,HB,HW ,BB . The definition of the operators themselves can be found in Ref. [22] .
11
• Including 24 additional four-fermion operators and O 6,y u,d,e ,GG,3W,3G,GG,3W ,3G one recovers the complete list of 62 flavor-dependent operator structures, which reduces to 59 independent terms in the one-family case (see Ref. [32] for more details).
10 One flavor component of each of these operators is redundant. We choose [c Working at tree-level and at linear order in the NP corrections, we find the following results
where V is the CKM matrix 13 (also notice that [c 
Also, κ PR Zγ , c ZZ andĉ Z/W/B are the combination of Wilson coefficients defined in Ref. [22] , namelyĉ
12 Notice that Ref. [22] use g Z f for a different quantity, namely g Z,SM f /2 in our notation, and that δm 2 W is defined in that work with the opposite sign. 13 We define our flavor symmetry in the basis where the down-quark and charged lepton Yukawa matrices are diagonal, whereas the up-quark Yukawa matrix has the form
. We neglect the breaking of the symmetry induced by the Yukawa matrices but for its effect on fermion masses. See Ref. [33] (Section 3) for a more detailed discussion.
and likewise for the CP-odd terms. The contributions to the pseudo-observables proportional to the Z∂Z , W ∂W and Z∂γ coefficients are due to the redefinition of Eqs. (84,85), which are necessary in order to match with our pseudo-observables.
The κ ZZ and κ W W parameters are the only ones already present in the SM at tree level. For this reason they can receive contributions from the EFT either directly from D = 6 operators, such as the terms proportional to c H and c T in Eqs. (47,48) , or via a rescaling in the kinetic term (like the contribution proportional to c W +c B =Ŝ), or finally through a variation of the SM input parameters. In particular, the terms δm (8) and (12) . A common set of input observables used to fix the SM parameters includes the Z-boson mass, the lowenergy fine-structure constant, α em (0), and G F extracted from the muon lifetime. The experimental value of the Z-boson mass and α em are modified by the following D = 6 effective operators
whereas the G F determination from the muon lifetime is changed by [33] δG
where we have used that [c
L ] ee = 0 in our basis. For this choice of input observables, the variation of the W mass is given by
If, instead of G F from the muon lifetime (or of α em (0)), we use the experimental measurement of m W as an input observable, then δm 2 W vanishes.
A.1 Checking custodial symmetry relations [Eqs. (33-37)]
From the results presented above it is straightforward to check that the following three relations are satisfied
As explained in the text, this is the consequence of an accidental custodial symmetry in the corresponding D = 6 operators in the linear EFT case. Concerning the relation (35) we find
Both operators O T and O L,ii break custodial symmetry [32] . 
B Custodial symmetry
In this Appendix we provide an extended discussion on the custodial symmetry relations among the pseudo-observables in Higgs decays. We are assuming that the new physics sector enjoys a global symmetry G = SU(2) L × SU(2) R × U(1) X , spontaneously broken to the custodial subgroup H = SU(2) L+R × U(1) X by the vev of some field U ∼ (2, 2) 0 , U = 1 2 . Since the hypercharge gauge boson and the SM fermions are not in complete representations of G, their couplings with the BSM sector (i.e. g and the Yukawa couplings) break the symmetry explicitly. An efficient way to keep track of the effects of these breaking terms is to promote SM multiplets to complete representations of G by introducing spurion (unphysical) fields which are then set to zero in physical processes. In the gauge sector, we introduce spurion gauge bosons, so that the whole group G is gauged. We thus introduce the gauge fields L 
Since the fields R 3 µ and X µ enter in interactions always with the combinationsgR 3 µ = g B µ and g X X µ = g B µ , we are free to choose any values ofg, g X , provided Eq. (71) is satisfied. In particular it is possible to chooseg = g, such that g X = g g/ g 2 − g 2 as in Ref. [21] . The hypercharge is given by Y = T 
B.1 Fermion embedding
We also assume that all SM fields couple only to one BSM operator each, so that we can assign them univocal T L,R and T 3 L,R quantum numbers depending on the operator they couple to [34] . This fixes the representation of G in which we embed the SM fermions. We focus on leptons and consider only two simple embeddings, see App. C of Ref. [32] . The first one is
The second embedding we consider is
Let us also introduce the fermionic currents which couple to the spurion custodial gauge bosons:
where, considering for simplicity the case of one generation only, we have
(75) 14 The embedding of L L in the bidoublet can be explicitly realized in a basis of 2 × 2 matrices as
In the rest of this section we obtain the most generic form of 1PI Green functions of a Higgs coupling with two gauge bosons and with one gauge boson and one fermonic current. Of course, this classification is not physical since, by using the equations of motion, it is possible to exchange some hV V interactions for some contact terms hV J, and viceversa, as we show below.
B.2 hV V interactions
We first review here the derivation of the custodial symmetry relation for the interactions of a Higgs with two EW gauge fields, Eq. (80), following Ref. [21] . Given the symmetry breaking pattern G → H, the hV V interactions are fully characterized by four form factors:
or, in other words, by the effective Lagrangian (in momentum space)
By switching off the unphysical fields we get three independent form factors for the Higgs interactions with the SM gauge bosons:
In particular, the distinction between the XX and the RR form factors is not physical. Let us note that, while imposing only U(1) em invariance the h|W one. In fact, the generic U(1) em -invariant 1PI Green functions describing the couplings of a Higgs with two SM EW gauge bosons are:
Since, in a custodially-invariant theory these form factors arise from the three in Eq. (78), they are not independent [21] :
By expanding the form factors in powers of momenta over the cutoff of the EFT up to D = 6 terms one has
From this expansion, by equating terms in Eq. (80) with the same momentum dependence, one gets the relations: In order to make a connection between these unphysical coefficients and our pseudoobservables, it is necessary to calculate the amplitude for a physical process involving on-shell particles and match it with Eqs. (8, (9) (10) (11) . By doing so one recognizes that the W W,ZZ,Zγ,γγ coefficients and their CP-odd counterparts are identical to the analogous pseudo-observables, while some combinations of the coefficients W ∂W,Z∂Z,Z∂γ and κ 0 W W,ZZ describe contact interactions of the type hV J. This redundancy is easily understood by computing the amplitude for the physical process h → J µ f J ν f arising from these couplings:
For κ 0 W W = −2 W ∂W and κ 0 ZZ = −2 Z∂Z the amplitude has exactly the same structure as the contact interactions in Eq. (9) . 15 In order to match with our parametrization, we 15 In terms of EFT operators, this redundancy is a consequence of the fact that, by using the equations of motion, one can rewrite the hV µ D ν V µν operators, responsible for the V ∂V terms, as a combination of hV µf γ µ f contact interactions and m
thus redefine κ 0 W W,ZZ as follows:
Therefore, the contact interactions receive two separate contributions: the direct ones from D ≤ 6 operators contributing to h|J 
The division between direct and indirect contributions is not physical; only their sum is a physical and observable quantity. The indirect contributions above satisfy two independent relations, one due to the fact that we have three coefficients V ∂V describing four contact terms, and a second one due to the custodial symmetry relation of Eq. (82). It is then convenient to parametrize the observable κ coefficients as 
B.3 hV J interactions
Let us now turn to the direct contribution to contact interactions. Such terms arise from 1PI Green functions of the type h|J µ f V ν . Let us study these interactions for the two embeddings introduced above. 
In terms of the mass eigenstates there are seven possible contact terms: 
where we also provide the EFT expansion up to D = 6 terms. Note that the vertices of a current with a photon are not present at D ≤ 6 due to the U (1) em invariance, they appear only at D > 6. Independently of the EFT expansion, since only five form factors are independent, one has two relations from custodial symmetry:
In terms of the EFT coefficients these relations read
One can notice that in this case custodial symmetry simply implies that the form factors of h|J 
Note that, contrary to the previous case, since e R is a complete singlet of G we can't construct a current J 
From these expressions, and from Eq. (82), one easily derives Eqs. (33) (34) (35) (36) (37) .
